Magnetic and spontaneous Barkhausen noise techniques used in investigation of a martensitic transformation J. Appl. Phys. 110, 083916 (2011) Hydrostatic pressure effect on the martensitic transition, magnetic, and magnetocaloric properties in Ni50-xMn37+xSn13 Heusler alloys J. Appl. Phys. 110, 083902 (2011) Phase-stress partition and stress-induced martensitic transformation in NbTi/NiTi nanocomposite Appl. Phys. Lett. 99, 084103 (2011) Atomistic study of nanotwins in NiTi shape memory alloys J. Appl. Phys. 110, 033532 (2011) Dynamic heat flux experiments in Cu67.64Zn16.71Al15.65: Separating the time scales of fast and ultra-slow kinetic processes in martensitic transformations Appl. Phys. Lett. 99, 011906 (2011) Additional information on J. Appl. Phys. In this paper we report on the realization of magnetic field-induced martensitic phase transformation in Mn-rich Heusler alloy Mn 2 Ni 1.36 Sn 0.32 Co 0.32 . The saturation magnetization of the austenite reached 111 emu/g at 70 kOe, which decreased rapidly to 8 emu/g upon transforming to martensite. This is attributed to the crystallographic distortion from cubic structure to tetragonal structure with c/a > 1, turning the Mn moments at B sites and D sites from parallel alignment to antiparallel alignment. A large magnetoresistance of 40% was observed through the field-induced transformation. The increase of conduction electrons accompanying this field-induced martensitic transformation is estimated to be 67%. These intriguing properties render the alloy a good candidate for applications in smart devices.
I. INTRODUCTION
Off-stoichiometric Heusler alloys Ni 50 Mn 50-x Z x (Z ¼ In, Sn) and the related intermetallic compounds having Co partially replacing Ni have attracted considerable attention in recent years owing to their potential for magnetic fieldinduced mechanical actuation and magnetocaloric effect. [1] [2] [3] [4] [5] These alloys undergo a martensitic transformation from the ferromagnetic parent phase to a ferrimagnetic/antiferromagnetic-like martensite phase, yielding a large magnitude of saturation magnetization difference DM (80-110 emu/g) between the parent and martensite phases.
1- 3 The driving force for the field-induced transformation is provided by the Zeeman energy difference between the two phases, i.e., E Zeeman ¼ l 0 DMÁH, where H is the strength of the applied field. Because of the large magnitude of DM, these alloys are considered to be capable of generating a large magnetic driving force with a relative small magnetic field, making them promising materials for metamagnetic transformations and mechanical actuation. In contrast, martensitic transformations in many other designated ferromagnetic shape memory alloys, e.g., Ni 2 MnGa and Ni 2 MnAl, have only been found to be inducible by temperature or stress, but not magnetic field. This is because that in those alloys, the Zeeman energy l 0 DMÁH makes minor contribution to the Gibbs free energy change of the transformations due to the small magnitude of DM between the two phases. For example, DM is only 11 emu/g in Ni 2 MnGa, 6 compared to 106 emu/g in a Ni 50 Mn 34 In 16 alloy. 2 In addition, field-induced changes in the magnetic structure are frequently related to changes in translational symmetry, and usually result in significant changes in electrical resistivity and magnetic entropies. These changes often lead to some useful effects and novel physics, such as giant magnetoresistance 2, 4 and giant magnetocaloric effect, 10 ) from ferrimagnetic austenite state to ferromagnetic austenite state, giving rise to high saturation magnetization of the parent phase concurrent with a low saturation magnetization of martensite, thus large DM and metamagnetic transition. Understanding of the mechanism of large DM across the martensitic transformation in these alloys is yet to be established. In this paper, we report the observation of a large DM of 103 emu/g and a giant magnetoresistance of 40% associated with martensitic transformation in Mn 2 Ni 1.36 Sn 0.32 Co 0.32 . The underlying mechanism of the large magnetization change and magnetoresistance will be briefly discussed.
II. EXPERIMENTAL DETAILS
A polycrystalline Mn 2 Ni 1.36 Sn 0.32 Co 0.32 button ingot was prepared using an arc melting furnace in argon atmosphere from high purity (99.99%) elemental metals. The ingot ($4g) was heat-treated at 1073 K for 24 hours in vacuum followed by quenching in water to ensure composition homogeneity. The structure of the sample was characterized by means of X-ray diffraction (XRD) using a Philips X'Pert MPD instrument with Cu Ka radiation. Magnetization and the magnetotransport properties were measured using Quantum Design Physical Properties Measurement System (PPMS-13, maximum magnetic field of 130 kOe). The M-T curve at a high field of 70 kOe can be seen as the combination of two single phases: one corresponding to the martensitic phase, and the other corresponding to the austenitic phase. A higher saturation magnetization of the austenite would be expected if the sample remained a cubic structure at 5 K. We fit the data above the transition region to the allometric functional form M(T) ¼ M(0)(1 À AT n ). The functional fit is designated by the dashed line in Fig. 1 . Using the fit, we find the spontaneous magnetization for austenite at temperature close to 0 K, M(0), to be 146.8 emu/g, corresponding to 6.48 l B /f.u. At the meantime, the M(0) for martensite is $12.6 emu/g (0.56 l B /f.u.), far below that of the austenite.
III. RESULTS AND DISCUSSION
Theoretical calculation and experimental measurements have confirmed that Mn 2 NiX (Ga, Sn, and Sb) alloys have a cubic Hg 2 CuTi structure in the austenitic phase that consists of four interpenetrating f.c.c. lattices. 11, 12 One Mn sublattice occupies A (0, 0, 0) (referred to as Mn(A)), the other Mn sublattice is at B (0.5, 0.5, 0. 5) (referred to as Mn(B)), Ni atoms occupy C (0.5, 0.5, 0.5) and X atoms occupy D (0.75, 0.75, 0.75). For our alloy Mn 2 Ni 1.36 Sn 0.32 Co 0.32 , Hg 2 CuTi structure has also been observed by X-ray diffraction, as shown in Fig. 2(a) . The lattice parameter is determined to be a ¼ 6.02 Å . For Mn 2 YZ compounds, it has been observed that if Y elements are Ni or Co, they prefer to occupy A and C sites. 13 As Co substitutes partially Ni in the alloy and excess Ni atoms prefer to occupy Mn(A) site, pushing the extra Mn atoms at the A site to the D site, as shown in the inset of Fig. 2(a) . 10 Based on this rule, the atomic occupation is written as Mn 13,14 Co-Mn has a stronger interaction than that of NiMn in Heusler alloys. 15 Therefore, in our non-stoichiometric that the Mn-Mn interaction turns from ferromagnetic to antiferromagnetic coupling as the Mn-Mn distance is decreased to below 3.0 Å . 16 17 The Co moment is $ 0.6 l B .
17
Since Mn(D) has almost the equivalent site position as Mn(B) in the unit cell, it is reasonable to expect that they have similar atomic moments. Usually, the Ni moment is 0.3 l B in Heusler alloys. 18 Based on these moment values, the magnetization of cubic austenite is calculated to be 6.68 l B per formula unit, which is consistent with the M(0) ¼ 6.48 l B /f.u. estimated based on the experimental evidence shown in Fig. 1 . In this regard, the large decrease of magnetization accompanying the martensitic transformation is mainly due to the switching of the Mn moments at B sites and D sites from parallel alignment to antiparallel alignment, which in turn converts the magnetic structure from the ferromagnetic austenite to the ferrimagnetic martensite. Figure 3 displays the temperature dependence of electrical resistance for Mn 2 Ni 1.36 Sn 0.32 Co 0.32 at H ¼ 0 Oe and H ¼ 50 kOe, the arrows in the figure indicate the direction of temperature variation. The parent phase presents normal metallic behavior. The resistance decreases moderately with decreasing temperature. The martensite behaves in a semimetal-like manner, with the resistance increases slightly with decreasing temperature. The transformation from the austenite to the martensite is associated with a large increase of resistance from 3.12 mX to 4.89 mX. When a field of 50 kOe is applied, the transformation temperature shifts down to a lower temperature. The martensitic transformation from the ferromagnetic cubic austenite to the ferrimagnetic tetragonal martensite changes the fundamental interactions between the crystalline structure and the spins, which should give rise to a change in the electronic bands structure, yielding the variation of the density of states (DOS) near the Fermi surface. This metal-semimetal transition caused by a martensitic transformation has been reported for a Ni-rich Heusler alloy Ni 50 Mn 34 In 16 . 2, 19 The increase of resistivity accompanying the martensitic transformation is attributed to the increase of effective number of conduction electrons near the Fermi level. transformation. At 275 K and 280 K, which are between A s and A f , the magnetoresistance does not recover completely after a complete magnetization cycle. The magnitude of the irreversible resistance increased with increasing temperature, indicating that the amount of remnant austenite increased with temperature. This demonstrates that the magnetic fieldinduced austenite cannot be restored to martensite completely after demagnetization.
The large MR associated with field-induced martensite to austenite transformation arises from the large electrical resistance difference between the ferromagnetic austenite and the ferrimagnetic martensite. As discussed in Fig. 3 , this is due to the significant increase of the concentration of conduction electrons near the Fermi level. The number of conduction electrons can be estimated according to Drude model, q ¼ m Ã =ne 2 s, where qis the electrical resistivity, n is the volume concentration of conduction electrons, m * is the effective mass of the charge carriers, and s is the relaxation time. m * has been confirmed to have little change during the transformation in similar alloys of the same system. 19 Assuming s is the same for the ferromagnetic and ferrimagnetic phases, magnetoresistance can be estimated as ½qð90 kOeÞ À qð0Þ=qð0Þ ¼ ½1=n 90kOe À 1=n 0 Á n 0 ¼ À40%;
we obtained ½nð90 kOeÞ À nð0Þ=nð0Þ ¼ 67%, implying that the concentration of conduction electrons of austenite increased by 67% compared to that of the martensite.
IV. SUMMARY
In summary, magnetic field driven ferrimagnetic martensite to ferromagnetic austenite transformation was realized in Mn 2 Ni 1.36 Sn 0.32 Co 0.32 alloy. The experimental evidences presented indicate that the martensitic transformation changed the distance between Mn(B) and Mn(D) atoms, resulting in a large magnetization change up to 103 emu/g through the transformation. Upon magnetic field-induced martensitic transformation, a large magnetoresistance of 40% in the vicinity of reverse martensitic transformation temperature is achieved in Mn 2 Ni 1.36 Sn 0.32 Co 0.32 . An increase of conduction electron concentration in the austenite compared to that in the martensite is estimated to be $ 67%.
